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1.0 INTRODUCTION

Changes in circulating blood cells contribute significantly to acute morbidity and mortality from
radiation injury; therefore mathematical models of the effects of radiation must include models
of the specifics of hematopoiesis, the production of new blood cells (Gk. haima, blood; poiesis, a
making). This report is an overview of the basic principles underlying the formation, function,
and response to radiation, thermal burn and traumatic injury of the different elements of the
hematopoietic system. The adverse effects of radiation on the hematopoietic system differ from
those of thermal burn or traumatic wounding. In turn, the effects of burn injury and trauma with
hemorrhage differ from one another (Lederer et al. 2007). Accordingly, the effects of individual
injurious modalities on each hematopoietic element are considered. The report also describes the
importance each of the blood lines may have in modeling combined injury (CI), the combination
of radiation plus burn or trauma.

Physiologically based models of radiation injury form the basis of the Radiation-Induced
Performance Decrement (RIPD) software tool. RIPD estimates lethality by calculating the cell
kinetics of myelopoiesis under irradiation, with either prompt or protracted radiation exposure
(Jones et al. 1994). The model assumes that the surviving fraction of at least one population of
cells determines the probability of hematopoietic lethality. The specific cell that constitutes the
population critical to hematopoietic lethality is not specified in the model. RIPD also uses a
model of lymphopoiesis (Zukhbaya and Smirnova 1991) to describe changes in the lymphocyte
population after radiation exposure and to predict consequent fatigability and weakness. Models
currently in development for radiation and combined injury are incorporating a more detailed
assessment of changes of the blood cells with radiation and/or trauma. The various
hematopoietic cells contribute to a variety of physiological and pathological processes and are
integral to common pathways for the effects of radiation and traumatic injuries. Some of the
potential roles for hematopoietic effects in the new models are highlighted in this report.



2.0 HEMATIC CELLS

Within the red bone marrow of healthy adults, a common, pluripotent hematopoietic stem cell
gives rise to all of the blood cells; this is shown graphically in Figure 1. This stem cell divides
and differentiates into common myeloid progenitor cells or common lymphoid progenitor cells.
The myeloid (Gk. myelo, marrow) progenitor cell differentiates further to produce granulocytes
and monocytes including macrophages, thrombocytes, and erythrocytes. The lymphoid
progenitor gives rise to the various types of lymphocytes. Within the bone, hematopoietic stem
cells and progenitor cells are localized to specific niches with different micro-environments that
influence their regeneration, differentiation, and mobilization. Local osteoblasts (bone tissue
precursors), endothelial cells, and other cells in the bone marrow niches contribute to these
microenvironments (Pellmar 2011).

The remainder of this section describes the basic principles underlying the formation, function,
and response to injury of the different elements of the hematopoietic system. In addition, the
impact that radiation, burn and trauma insults have on each specific blood cell line is described.
Finally, where appropriate, the role of each blood cell line has in RIPD or combined injury (CI)
modeling is also discussed.

2.1 LYMPHOCYTES
2.1.1 Lymphocyte Functions

Lymphocytes are a class of white blood cells (or leukocytes) involved in the body’s immune
response. There are two major classes of lymphocytes, B cells and T cells, plus other
subpopulations including natural killer (NK) cells. Several subcategories of T cells exist,
including helper, cytotoxic, memory, and regulatory cells. T cells contribute to the immune
response in a variety of ways including cell-mediated antigen recognition, release of cytokines,
and suppression of B cells. B cells, which comprise 30% of circulating lymphocytes, are
responsible for antibody production. Interaction of the B cell with an appropriate CD4+ helper T
cell is required for this process.

2.1.2 Lymphopoeisis

A common lymphoid progenitor in the bone marrow gives rise to lymphoblasts, which undergo
several mitotic divisions to become prolymphocytes as shown in Figure 2. These
prolymphocytes have specific cell-surface markers that are unique to either B or T cells.
Although both T and B lymphocytes originate in the bone marrow, T cells migrate to the thymus
for maturation. Proliferation and differentiation are influenced by numerous signals from the
microenvironment, including cytokines and growth factors. Once mature, the lymphocytes enter
the bloodstream but recirculate through the various lymphoid tissues (i.e., lymph nodes, spleen,
thymus, etc.).
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2.1.3 Radiation Effects

Circulating lymphocytes are very sensitive to radiation exposure. Lymphopenia is one of the
first signs of radiation exposure. The lymphocyte counts drop quickly within the first 24 hours
post-irradiation and reach a minimum within 48 hours. The magnitude and rate of the effect is
dose dependent. Because this response is very robust, the time course of lymphocyte depletion is
an excellent measure of exposure and is likely to be used for biodosimetric assessments. Not all
lymphocytes are equally sensitive to radiation however. At least one subpopulation of T cells
shows a relative increase in numbers after exposure (e.g. see Nagayama et al. 2002, Qu et al.
2010).

2.1.4 Trauma Effects

Burn affects the production and function of lymphocytes with differential effects on the
subpopulations. Some studies (e.g. Schliiter et al. 1990) report that B cells in circulation are
unchanged, but Fayazov et al. (2009) and Jarvis (2007) found that the number in circulation after
a burn more than doubled. T cells, particularly T-helper cells, in circulation seem to decrease
slightly (Fayazov et al. 2009, Burleson et al. 1987) but this observation may be impacted by the
incidence of infection. Dysfunction of T cells may contribute to the inflammatory response that
results from burns (Barlow 1994, Schwacha 2009). In addition, down-regulation of human
leukocyte antigen expression on B and T lymphocytes, as well as monocytes, has been detected
early after trauma (Flohé et al. 2003, Ditschkowski et al. 1999); this may render patients
particularly vulnerable to sepsis (Flohé et al. 2003).

Shock-related immunosuppression has been noted after trauma and hemorrhage and has been
implicated in immunologic derangement and development of multiple organ dysfunction

4



syndrome (MODS). In trauma and hemorrhagic shock, the balance between cell proliferation and
cell death is perturbed. Parreira et al. (2004) reported increased bone marrow apoptosis after
hemorrhagic shock. The increase in apoptotic cells is not the result of deficient phagocytosis but
factors released by the injury.

2.1.5 Role in RIPD and CI Models

The Fatigability and Weakness model within RIPD uses Smirnova’s model of lymphopoiesis
(Zukhbaya 1991) to calculate the population and kinetics of lymphocytes and their resulting
cytokine production after radiation. In Smirnova’s model, the total lymphocyte population is
comprised of three subpopulations or compartments: a dividing progenitor cell (X;), a
nondividing intermediate cell (X3), and a mature circulating cell (X3). Each of these
compartments expresses a chalone, or mitotic inhibitor, that controls the rate of proliferation of
the X; cells and consequently the cell populations of all three compartments. After irradiation
the X, X5, and X3 cells can become damaged or heavily damaged, resulting in different rates of
chalone production. The model assumes that the damaged lymphocytes serve as a source of
cytokines that reflect the symptoms of fatigability. Recent data support a link between specific
cytokines and fatigability and weakness after radiation therapy (Bower et al. 2009). Symptoms
of fatigue are associated with increases in certain subpopulations of T cell lymphocytes (e.g.,
Bower et al. 2003, Lorusso et al. 2009). A role for T cells in fatigability is possible since some T
cell subpopulations that are relatively resistant to radiation injury persist post-exposure (e.g., Qu
etal. 2002). These findings suggest that fatigability and weakness may be related to cytokine
release from persistent functioning T cells, rather than cytokines released from damaged
lymphocytes (Pellmar and Oldson 2011).

In addition to prediction of fatigability, calculations of the lymphocyte population with radiation
and/or trauma exposure are likely to be valuable in modeling combined injury. The mechanisms
used by the immune cells to combat infection contribute to an inflammatory response (Chaplin
2010). For example, B cells are a source of a variety of both inflammatory and anti-inflammatory
cytokines including IL-6, IL-8 and IL-10. Although lymphocytes contribute smaller quantities of
these messengers compared to granulocytes, they are likely to contribute to the total response
(Nikolajczyk 2010). Changes in the lymphocyte population, therefore, can impact the
inflammatory pathway, a key component of the radiation-trauma interaction.

2.2 GRANULOCYTES

2.2.1 Granulocyte Functions

Granulocytes are a category of white blood cells characterized by the presence of granules in
their cytoplasm. They are also called polymorphonuclear leukocytes (PMN) because of the
varying shapes of the nucleus. They contribute to the immune response by killing and
phagocytizing pathogens. Neutrophils are the most abundant of the granulocytes, constituting
50% to 60% of the total circulating white blood cells. Neutrophils attack microorganisms
through neutrophil extracellular traps (NETs) and the release of a variety of anti-microbial



compounds including defensins, proteolytic enzymes, myeloperoxidase, and oxygen free
radicals. They remove the pathogen from the circulation by phagocytosis. Circulating
neutrophils have a short lifespan, homing to marrow, spleen, or peripheral tissues and dying by
apoptosis within a day (Fox et al. 2010, Milot and Filep 2011). In the presence of an appropriate
signal, neutrophils are activated and quickly migrate from the blood to injured or infected tissue.
Once the neutrophils have performed their function, they undergo apoptosis within the tissue
compartment without returning to the blood (Milot and Filep 2011). In addition, there is a
marginated pool of neutrophils that are sequestered within the capillary beds. These cells can be
released back into the circulation.

2.2.2 Granulopoiesis

Myeloblasts, the first granulocyte-specific precursors derived from the common myeloid
progenitor, give rise to a series of dividing cells that include promyelocytes and myelocytes. At
subsequent stages of development (metamyelocytes, band cells) the cells no longer divide but
continue to differentiate and mature. Once mature, granulocytes can be released into the
circulation or remain in the bone marrow. When released, the life span of granulocytes is short,
only about 6.5 hours (Furze and Rankin 2008). Cytokines, growth factors, and other factors in
the microenvironment modulate the processes of reproduction, maturation, and mobilization of
granulocytes. Circulating granulocytes also modulate the mobilization rate. Myeloblasts also
differentiate into monoblasts and from there into monocytes, which form macrophages and
myeloid dendritic cells. These are the cells responsible for consuming bacteria and presenting
antigenic fragments from pathogens to T lymphocytes thus activating them. Figure 3 shows the
complexity of the granulopoiesis process.
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2.2.3 Radiation Effects

The hematopoietic progenitor cells are very sensitive to the effects of ionizing radiation. With
the death of these cells, the numbers of granulocytes in the circulation declines over the course of
several weeks. Recovery occurs as the progenitor cell population becomes reconstituted and
capable of generating sufficient numbers of functional cells. At moderate doses of radiation, the
neutrophil count spikes within the first few hours post exposure followed by a profound
neutropenia (loss of neutrophils) with a nadir at 2 to 3 weeks. The cause of the brief rise in
circulating neutrophils is not known but could result from a transient increase in the release of
mature cells from bone marrow or from demargination of the peripheral granulocytes (Dainiak
and Waselenko 2004). Radiation casualties are commonly monitored for changes in circulating
neutrophils. The existing countermeasure approved for treatment of the hematopoietic effects of
radiation injury (filgrastim, the cytokine G-CSF) stimulates production of neutrophils and
thereby prevents or limits this neutropenia. Stem cell transplants are also used for treatment of
radiation injury (Jarrett et al. 2007).

2.2.4 Trauma Effects

Burns increase the number of bone marrow progenitor cells (Eurenius and Brouse 1973, Gamelli
et al. 1985, Gruber and Farese 1989, Huang et al. 1988) and circulating granulocytes (Eurenius
and Brouse 1973, Gamelli et al. 1985, Gruber and Farese 1989, Asko-Seljavaara 1987, El-
Sonbaty and El-Otiefy 1996, Peterson et al. 1983) but decrease the total number of peripheral
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granulocytes (Eurenius and Brouse 1973). Mobilization of mature granulocytes from bone to
circulation (Rosinski et al. 2004, Asko-Seljavaara 1987) and production of mature granulocytes
from progenitor cells in bone marrow (Rosinski et al. 2004) both increase. Demargination of
peripheral granulocytes (Asko-Seljavaara 1987, Eurenius and Brouse 1973, Gruber and Farese
1989) occurs. In addition there seems to be a decrease in granulocyte apoptosis during the first
few days after the injury (Hu and Sayeed 2004) and decreased functionality of granulocytes
(Arturson 1985).

Burn with infection, however, is different from burn alone. Under these conditions there is
generally a decrease in progenitor cells rather than increase (Asko-Seljavaara 1985) and a
decrease in circulating granulocytes (Shoup et al. 1998). The myeloblast, the progenitor of both
granulocytes and monocytes, is particularly affected, leading to a reduced production of
granulocytes and macrophages. Endotoxin furthers this detrimental effect. The levels of G-
CSF are reduced and the macrophage appears to be the major source of bone marrow
suppression of granulocyte production (Gamelli et al. 1995).

Shock wave exposure causes rapid recruitment of granulocytes to the peripheral blood.

Increased polymorphonuclear neutrophils (PMN) are seen within the first hour and this increase
persists for three hours or more. A significant relative decrease of this effect is seen at six, 12,
and 24 hours, which is most likely due to tissue sequestration of granulocytes, as their circulating
numbers are still well above control values (Gorbunov et al., 2008). There is also demargination
and the acute release of granulocytes from the bone marrow, processes which are stimulated by
cytokines, nitric oxide, and other materials. Vascular permeability is increased to allow for the
diapedesis (infiltration) of granulocytes and macrophages into the injury site.

This phenomenon (diapedesis and tissue infiltration and sequestration) of granulocytes can be
accompanied by pro-inflammatory alterations in the vascular endothelium. Trauma-induced
alterations include excessive production of cytokines (several interleukins and tumor necrosis
factor alpha) which can contribute to systemic inflammatory response syndrome (SIRS) and
multiple organ dysfunction syndrome (MODS) (Flohé¢ et al. 2003).

The normal response post wounding includes infiltration of neutrophils and macrophages into the
site of the wound with eventual re-epithelialization and closure (if the wound area is not too
large). With radiation, however, there is a dose-dependent decrease in infiltration and delay in
re-epithelialization. Granulation tissue formation and maturation is perturbed. There is therefore
a localized as well as systemic (decreased leukocytes) effect of radiation interfering with wound
healing (Ran et al. 2004).

2.2.5 Role in RIPD and CI Models

Although depletion of neutrophils (granulocytes) is one of the primary hematopoietic effects that
lead to lethality, RIPD does not assess the changes in this cell population. Instead the MarCell
model calculates hematopoietic death from the radiation sensitivity of an undefined, radiation-
sensitive cell. New versions of a radiation and a combined injury model are likely to incorporate
this endpoint since it is used clinically to monitor the health status of radiation-exposed patients.



A model of radiation effects on granulocytes has been developed by Smirnova (2010) and her
group. In this model granulocytes are divided into four subpopulations: the precursor cells
capable of dividing (X)), the non-dividing metamyelocytes and mature bone marrow
granulocytes (X»), and granulocytes in the circulation (X3) and granulocytes in the body’s tissues
(X4). Chalone production from each of these populations provides feedback for the reproduction
rate of the dividing cells. A limitation of this model for an integrated, physiologically-based
model of radiation injury is the lack of feedback from circulating cytokines such as G-CSF,
which are also used as countermeasures. Other models of hematopoiesis incorporate G-CSF
feedback (see for example Obeyesekere et al. 2004) but these models would need to be adapted
for radiation exposure. Because burn and other traumas can affect the marginated pool of
granulocytes (Asko-Seljavaara 1987, Eurenius and Brouse 1973, Gruber and Farese 1989),
models of combined injury will need to include this fifth subpopulation.

Granulocytes are also important for the prediction of inflammation and infection, a key
intersection of radiation with traumatic injury or burn in a combined injury model. Activation of
granulocytes by traumatic injury or infection results in the release of cytokines that contribute to
the inflammatory response with potentially lethal consequences (Ward and Lentsch 1999,
Abraham 2005, Gorbunov et al. 2008). Furthermore, since neutropenia is a primary target for
many of the radiation countermeasures in development (Pellmar 2008), inclusion of a model of
the granulocyte population provides opportunities for therapeutic inputs.

2.3 THROMBOCYTES

2.3.1 Thrombocyte Functions

Platelets, also known as thrombocytes, play a primary role in the coagulation of blood. If the
number of platelets is too low, excessive bleeding can occur; if the number of platelets is too
high, blood clots can form potentially obstructing blood vessels (thrombosis). Platelet are the
source of many growth factors including platelet-derived growth factor (PDGF) which regulates
cell growth and division and plays a significant role in blood vessel formation (angiogenesis).
Platelets also release other factors that contribute to the repair and regeneration of connective
tissues and promotion of wound healing. In addition, platelets are rapidly deployed to sites of
injury or infection, and potentially modulate inflammatory processes by interacting with
leukocytes and by secreting cytokines, chemokines, and other inflammatory mediators.

2.3.2 Thrombopoiesis

The thrombopoiesis process is shown graphically in Figure 4; thrombocytes are derived from the
common myeloid progenitor cell, the megakaryoblast. When a megakaryoblast begins to
reproduce its nuclear chromatin without undergoing mitosis, a promegakaryocyte is formed.

The promegakaryocyte does not divide but grows in size and differentiates into a megakaryocyte.
A megakaryocyte is extremely large in size, with a multi-lobed nucleus containing up to 256
times the normal chromosome complement and exhibiting long cytoplasmic extensions.

Platelets are formed by the pinching off these extensions and nuclear material. One



megakaryocyte can give rise to 3000-4000 platelets. The processes of reproduction and
differentiation are controlled by a variety factors in the microenvironment, including
thrombocytopenin (Kaushansky et al. 2009). Once released into the circulation, the lifespan of a
platelet averages 10 days.

®
"
) '.
@@ - ’ "
]
..
®

Megakaryoblast ~ Megakaryocyte Thrombocytes

Figure 4. Thrombopoietic component
2.3.3 Radiation Effects

Like neutropenia, thrombocytopenia is a consequence of lethal effects of radiation on the
hematopoietic progenitor cells in the bone marrow. Loss of myeloid progenitor cells leads to a
decline in the circulating thrombocytes through attrition. After moderate doses of radiation,
platelets in circulation are sustained at relatively normal levels for several days, but then decline
and reach a nadir between 2 to 3 weeks after exposure. Platelet transplants are often necessary to
promote survival after lethal doses.

Like neutrophils, platelet levels provide a clinical endpoint that is frequently monitored after
radiation injury to assess the health status of the patient. Some investigators (Stickney et al.
2005, Moroni et al.2011) have noted that the duration of the thrombocytopenia after radiation
exposure is more predictive of hematopoietic lethality than neutropenia. In our prototype model,
a logit analysis indicated that thrombocytopenia was a stronger predictor of lethality than
granulocytopenia, in agreement with this perspective.

2.3.4 Trauma Effects

Within an hour of a burn injury (El-Sonbaty and El-Otiefy 1996, Eurenius et al. 1972, Fujimi et
al. 2006, Kalmaz and Guest 1991) the number of circulating platelets shows a transient decrease.
Mild thrombocytosis occurs between day 6 and day 30. Burns alter thrombopoiesis (Kalmaz and
Guest 1991) with an immediate decrease in lifespan of platelets that returns to normal at day 30.
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Platelet yield also decreases by 60% during the first 5 days. There is an abrupt increase in
megakaryocytes in the bone marrow. Turnover time for platelets is 2-3 times normal during the
first 30 days after burn injury.

There are three areas of tissue damaged by burn: a central area of coagulation, an outer ring of
hyperemia, and an area of stasis in between. While circulation is intact in the hyperemic zone,
the intermediate zone develops dilated microvasculature with endothelial leakage of plasma and
intravascular proteins. The coagulation cascade is initiated and the inflammatory response is
aggravated in this region by the release of prostaglandins, histamine, bradykinin and possibly
other chemical mediators. Interstitial edema decreases blood flow, causing this to become the
zone of stasis. Progressive vascular occlusion occurs and, if not treated, the zone of stasis can
become a full-thickness injury (Edlich 2010).

In hemorrhage the clotting process begins at the site of injury of the endothelium. Collagen,
along with several clotting factors, is released and binds circulating platelets to the site of injury.
Activation of platelets by this adhesion process causes them to release several factors, which in
turn activate other platelets to adhere and form a plug. (This is the cellular component of the
coagulation process; several proteins and other factors are also involved in a complex cascade of
events, which will not be described in detail here.) Some products of the coagulation system can
also increase vascular permeability as well. In major hemorrhage the number of platelets may be
insufficient to control the hemorrhage, in which case hypoperfusion, hypovolemic shock, and
death can result. If the hemorrhage is controlled, the repair process begins, the clots are slowly
resolved, and the platelets are phagocytized.

In severe hemorrhage the prothrombin (PT) or partial thromboplastin time (PTT) may increase,
which indicates coagulopathy involving the non-cellular component of the clotting cascade.
These are independent predictors of all-cause mortality.

2.3.5 Role in RIPD and CI Models

Thrombopoiesis is not currently incorporated into the RIPD model. Smirnova (2010) and her
colleagues have developed a model of thrombopoiesis that considers three compartments: the
progenitor cells in the bone marrow (X cells), the non-dividing cells of the bone marrow (X,
cells) and the thrombocytes in the circulation (X3 cells). These populations provide feedback on
the reproductive rate of the X; cells through chalone production.

Platelets, in combination with leukocytes, contribute to inflammatory processes (Gawaz et al.
2005, Rodrigues and Granger 2010). With vascular injury (i.e., when the endothelial layer is
disrupted), platelets adhere to the vascular endothelium, become stimulated, and release pro-
inflammatory mediators. Adherent platelets attract leukocytes to the site and thereby increase
the inflammatory processes. Release of a variety of mediators with inflammation results in a
widening of the space between the endothelial cells of the vascular wall allowing fluids and
solutes to pass, and thereby increases vascular permeability (Rodrigues and Granger 2010).
Platelets play a role in maintaining the integrity of the vascular wall (Nachman and Rafii 2008).
With thrombocytopenia, vascular permeability increases allowing local movement of
erythrocytes into the tissue which causes petechiae, a common symptom of radiation exposure.
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Since inflammation is a key area of interaction of radiation and trauma, the impact of platelets
through these pathways may be an important consideration in the modeling of combined injury.

2.4 ERYTHROCYTES

2.4.1 Erythrocyte Functions

Erythrocytes, or red blood cells, are responsible for transporting oxygen from the lungs to the
tissues and returning carbon dioxide. Transport of oxygen is greatly enhanced by hemoglobin
molecules contained in erythrocytes; although oxygen can dissolve directly into the pulmonary
capillaries, the total amount dissolved would be far below the quantities needed to sustain tissue
function. Almost all of the erythrocyte dry mass is made up of hemoglobin, which transports the
carbon dioxide produced in cellular respiration back to the lungs for exhalation (though 90% of
carbon dioxide produced by tissue respiration is dissolved in the blood rather than bound to the
globin protein). Release of oxygen from the hemoglobin into the tissue cells is promoted by the
low pH, high CO, content, and high concentration of 2, 3-bisphosphoglyceric acid found in the
tissues. Hemoglobin also transports nitric oxide, which is important in cellular signaling
processes, and releases it in tissues.

2.4.2 Erythropoiesis

As shown in Figure 5, proerythroblasts are the first identifiable precursors of erythrocytes in the
bone marrow. These cells reproduce and differentiate into a series of mitotic cells that include
the basophilic erythroblasts and the early and middle polychromatophil normoblasts. At the
stage of the late polychromatophil normoblast, cell division ceases. Differentiation continues
with the formation of the reticulocyte and erythrocyte stages. Mature erythrocytes exit the bone
marrow into the circulating peripheral blood. Erythropoietin and numerous other factors
modulate the processes of erythropoiesis.

- ®—0

Reticulocyte Erythrocyte

Proerythroblast
(Pronormoblast)

Figure 5. Erythrocytic component
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2.4.3 Radiation Effects

Mature erythrocytes are less radiation sensitive than the other blood elements, and the pattern of
depletion and recovery differs in that the nadir is not as pronounced and occurs much later than
for lymphocytes, granulocytes, and platelets (in that order). This happens despite the radiation
sensitivity of erythroblasts (Davis 1954). However, radiation exposure does impair the oxygen-
carrying capacity of the blood (Puchala et al. 1999), and transfusion requirements of both
platelets and red cells at Chernobyl were generally higher than expected (Gusev et al. 2001).

2.4.4 Trauma Effects

In the normal steady state a small number of hematopoietic progenitor cells (HPC) are released
from the bone marrow into the peripheral circulation and then home back to the bone marrow so
that circulating cells are available to fill open bone marrow niches. This is a homing effect, not
random deposition (Wright et al. 2001). In trauma and hemorrhagic shock, bone marrow
production of HPCs is suppressed and the HPCs are released and migrate to the site(s) of tissue
trauma and other tissue sites to a lesser extent. Hemorrhagic shock exacerbates this migration
(Badami et al. 2007). Besides erythroid colony-forming units in the bone marrow, granulocyte-
macrophage colony-forming units are suppressed as well until recovery begins and HPC growth
in the peripheral tissues returns toward baseline. This may be related to a hypercatecholamine
state induced by trauma. At normal physiological levels catecholamines increase erythropoiesis,
but at the very high levels seen post traumatic injury they depress it (Fonseca et al. 2005).
Peripheral reticulocyte counts are low despite adequate iron stores and erythropoietin levels,
indicating that trauma depresses erythropoiesis in the bone marrow by mechanisms not
completely understood (Livingston et al. 2003). (It should be noted that one study (Ran et al.
2007) demonstrated that addition of serum from a rat model with burn or combined radiation-
burn injuries significantly elevated the number of HPCs; serum from irradiated only rats
inhibited HPC growth. This may be related to the different levels of TNF-alpha and IL-6
production in the different groups.)

In trauma hemorrhage, if significant enough, reduces the availability of oxygen to the tissues.
The resulting tissue hypoxia causes a buildup of lactic acid, which can lead to acidosis and cell
death. Local hypoxia can cause vasodilation, which if the integrity of the vasculature has been
compromised by trauma can lead to more blood loss (except in the lungs, where hypoxia induces
vasoconstriction). Dead erythrocytes within the body are broken down by phagocytic leukocytes
and products (iron, carbon monoxide, and bilirubin) are released by granulocytes, particularly
neutrophils. The released bilirubin can, if accumulated too rapidly, clog capillaries and terminal
arterioles. Substantial blood loss can occur in burns as well, and excision of large burn wounds
(preferably early post injury) may be required to stabilize the patient.

2.4.5 Rolein RIPD and CI Models
Erythrocyte damage or loss is not a factor in the current RIPD model. Smirnova (2010) has
modeled erythropoiesis in a manner similar to other blood cells. Three compartments (dividing

cells of the bone marrow, non-dividing cells of the bone marrow, and circulating cells) are
considered. Because changes in erythrocytes can impact metabolic activity, which is seriously
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compromised after burn injury for example, it may important for future iterations of the
combined injury model to incorporate the process of erythropoiesis.

3.0 SUMMARY

Changes in hematopoiesis are evident with many different kinds of injury, including radiation,
burn, and mechanical trauma. This report reviews the consequences of these various insults on
the changes of circulating lymphocytes, granulocytes, thrombocytes, and erythrocytes and the
cellular processes involved. The effects of any one insult are often complex, including altering
many of the hematopoietic components. The complexity is increased in the context of combined
injuries because the responses of the hematopoietic system to injury often differ with respect to
the type of injury. The responses of the individual hematopoietic components to different insults
vary not only in magnitude but sometimes in direction as well.

Hematopoietic effects are an important part of describing and predicting the acute morbidity and
mortality resulting from injury. Physiologically-based models will need to incorporate the effects
of the various insults, alone and in combination. To aid in the process of incorporating the
hematopoietic effects into the models, this report reviews the major pathways of hematopoiesis.
The modulation of these pathways by the insult(s) is integral to understanding and
mathematically describing the effects of the insults. As the models mature, it is likely that the
hematopoietic system will be represented greater with increasing sophistication in order to better
define this critical component of injury.
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APPENDIX A. ACRONYMS

CI — Combined Injury

HPC - Hematopoietic Progenitor Cells

MODS - Multiple Organ Dysfunction Syndrome
NET - Neutrophil Extracellular Traps

PDGEF - Platelet-Derived Growth Factor

PMN - Polymorphonuclear Leukocytes

PT — Prothrombin

PTT - Partial Thromboplastin Time

RIPD - Radiation-Induced Performance Decrement

SIRS - Systemic Inflammatory Response Syndrome
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APPENDIX B. GLOSSARY

Apoptosis—programmed cell death, causing cells to fragment into membrane-bound particles
that are phagocytized by other cells. It can be a natural process (elimination of transitory organs
and tissues during the embryonic stage or after about 50 cell divisions) or triggered by injury,
infection, or circulatory impairment. Cytokines can either precipitate or suppress apoptosis.

Chemokines—small cytokines that stimulate leukocyte movement and attraction. This
movement is called chemotaxis.

Colony stimulating factor (CSF)—glycoproteins that bind to receptor proteins on the surface of
hematopoietic stem cells, causing them to proliferate and differentiate into a specific kind of
blood cells. Two CSFs used in stimulating irradiated bone marrow to regenerate are granulocyte
(G-CSF) and granulocyte and macrophage (GM-CSF) colony stimulating factors.

Cytokines—small proteins secreted by various cells that regulate immune responses by
modulating the maturation, growth, and responsiveness of particular cell populations. They
sometimes enhance or inhibit the action of other cytokines. Interactions among cytokines during
the immune response can be extremely complex.

Dendritic cells—monocytes present in tissues in contact with the external environment (skin,
mucous membranes of digestive and respiratory tracts). When they encounter pathogens they
become activated, phagocytize portions of the bacteria, virus, or other foreign material, and
migrate to lymph nodes to present the protein fragments to T lymphocytes, thus activating them
1n turn.

Disseminated intravascular coagulation (DIC)—a systemic complication of an underlying
disorder resulting in activation of a systemic inflammatory response, intravascular coagulation,
depleting of clotting factors, and end-organ damage. DIC is often associated with or precipitated
by trauma, especially neurotrauma, as well as toxic reactions and possibly ionizing radiation.

Epithelium—cellular layer covering all cutaneous, mucous, and serous surfaces, including the
gastrointestinal tract. Is either on or opens to the outside of the body.

Endothelium—the layer of flat cells lining the blood and lymphatic vessels (as well as the
heart).

Erythrocytes—red blood cells responsible for tissue respiration (supply oxygen to cells). They
have a limited role in the immune response in that hemoglobin releases free radicals when the
erythrocyte cell membrane is lysed, thus damaging the pathogen. They also release compounds
that serve as vasodilators. The time for differentiation from stem cell to anucleated erythrocyte
takes about a week and occurs in the red bone marrow. Life in the peripheral circulation is
normally 100-120 days before erythrocytes become senescent, are consumed by macrophages,
and their components recycled.
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Granulocytes—Ileukocytes containing granules in the cytoplasm. These granules store several
different cytotoxic materials as well as other substances, and are released when the granulocyte
is stimulated immunologically. When granulocytes are stained by Wright’s stain, they may
appear red (eosinophils), blue (basophils), or take up little or no stain (neutrophils), depending
upon what materials are stored in the cell’s granules. Of these three types of granulocytes,
neutrophils are the most common.

Histiocyte—literally, “tissue cell”. These are monocytes that migrate from the bone marrow to
most tissues of the body where they mature and differentiate into tissue-specific macrophages.

Inflammation—the complex and dynamic process that occurs in affected blood vessels and
adjacent tissues in response to injury by physical, radiological, chemical, or biological agents and
creates morphologic changes. Materials that created the insult are removed, along with damaged
tissue, as part of the repair process. Clinically tissues respond to inflammation with erythema
(rubor), swelling (tumor), pain (dolor), and warmth (calor).

Leukocytes—white blood cells. They move between the lymphatic system, peripheral blood,
and tissues. The three major groups are lymphocytes, monocytes, and granulocytes. They are
rapidly transported to sites of inflammation and infection.

Lymphocytes—a class of leukocytes that is formed in the marrow from undifferentiated stem
cells and then migrates to lymphatic tissue throughout the body. There are two main groups (B
cells and T cells) that function in maintenance of humoral immunity and cell-mediated immunity
respectively. A third form of lymphocyte, natural killer cells, is involved in the destruction of
tissue cells that have been altered by infection, tumor, or other factors.

Macrophages—as the name (“large eater””) implies, they consume tumor cells, bacteria, and
inert foreign material and present fragments of these targets as antigens to lymphocytes in the
lymph nodes. They are widely distributed throughout the body. They also consume dead normal
tissue cells and their debris.

Mast cells—are found in connective and mucosal tissues. They contain many basophilic
cytoplasmic granules that secrete heparin, histamine, and other cytokines important in the
immune response. They are involved in immediate hypersensitivity immune reactions. Though
similar in appearance to basophils, they originate from different precursor cells in the bone
marrow.

Monocytes—Ilarge mononuclear leukocytes that play several roles in the immune system and
inflammatory response. After a few days in the blood stream they migrate into loose connective
tissue and differentiate into macrophages or dendritic cells. They are involved in phagocytosis,
cytokine production, and antigen presentation to activate T lymphocytes.

Multiple organ dysfunction syndrome (MODS)—a disorder characterized by severe systemic
inflammation and progressive and sequential loss of function in several vital organs. It is
associated with SIRS and can be caused by ionizing radiation, certain chemicals, severe trauma,
and infectious or noninfectious processes triggering this inflammation. As severity increases and

B-2



organ(s) become dysfunctional or nonfunctional, it is sometimes called multiple organ failure
(MOF).

Phagocytosis—ingestion and digestion of cells, bits of necrotic tissue, foreign materials, etc. by
certain leukocytes. Granulocytes (primarily neutrophils) chiefly ingest bacteria, while
macrophages, mononucleated cells (histiocytes and monocytes), and dendritic cells ingest dead
tissue and degenerated cells.

Polymorphonuclear leukocyte (PMN)—common term used for granulocytes, particularly
neutrophils.

Plasma cells—a type of B lymphocyte active in the formation and secretion of antibodies. They
are formed in the bone marrow, migrate to lymph nodes, and mature there.

Platelets—thrombocytes; fragments of megakaryocytes that function in clotting as well as in
modulation of inflammation.

Reticulocytes—young erythrocytes with a mesh-like network of ribosomal RNA that is visible
with certain stains. Normally they appear during the last day or two of erythropoiesis in the bone
marrow and the ribosomal DNA remains stainable for the first day post release into the
circulation. They normally comprise about 1% of circulating erythrocytes but this percentage
increases during hemorrhage. A percentage less than 1% indicates problems with erythrocyte
production, often due to chemotherapy or other toxic agents.

Systemic Inflammatory Response Syndrome (SIRS)—a clinical response to a nonspecific
insult characterized by at least two of four variables: fever >38° or <36°; heart rate >90/min;
respiratory rate > 20/min or a PaCO, <32 mm Hg; abnormal leukocyte count (>12,000/uL;
<4,000/uL; or >10% bands). Causes include trauma, infection, inflammation, and possibly
radiation.
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